Finland provides unique opportunities to investigate population and medical genomics 22 because of its adoption of unified national electronic health records, detailed historical 23 3 and birth records, and serial population bottlenecks. We assemble a comprehensive 1 view of recent population history (≤100 generations), the timespan during which most 2 rare disease-causing alleles arose, by comparing pairwise haplotype sharing from 3 43,254 Finns to geographically and linguistically adjacent countries with different 4 population histories, including 16,060 Swedes, Estonians, Russians, and Hungarians. 5
We also assessed genetic divergence across regions in Finland, and identify relatively 1 high levels of regional divergence compared to other European countries, e.g. the UK, 2 Germany, Sweden, and Estonia 25, 35 , with mean F ST between region pairs = 0.001 3 ( Figure S1D) ; these results are consistent with an additional Finnish bottleneck with 4 respect to nearby countries. Regionally across Finland, we identify geographical 5 clusters with high degrees of similarity. For example, Southern Savonia, Northern 6 Karelia, and Northern Savonia (regions 6, 7, and 8, respectively) exhibit high degrees of 7 genetic similarity ( Figure 1C) . We also identify genetic similarity clusters in the southern 8 central regions of Southern Finland, Tavastia, Southern Karelia, and Central Finland 9 (i.e. regions 1, 4, 5, and 9); western coastal regions of Southwest Finland and 10
Ostrobothnia (2 and 10); and northern regions of Northern Ostrobothnia and Lapland 11 (11 and 12) . 12 
13

Population bottlenecks in Finland are reflected in identity-by-descent sharing 14
To better understand the recent population history of Finland, we computed pairwise 15 identity-by-descent (IBD) sharing across all unrelated Finnish pairs of individuals 16 (Methods). We performed hierarchical clustering of cumulative IBD sharing across pairs 17 of individuals within and between regions of Finland, and identified excess sharing in 18 eastern Finland (regions 6, 7, and 8) compared to relatively depleted sharing in 19 southwestern Finland (regions 1, 2, 4, and 10) ( Figure 1D ). Compared to genetic 20 similarity from common variants ( Figure 1C) , haplotype-based clustering is more 21 consistent with historical records that have documented the early vs late settlement 22 areas in southwest and northeast Finland, respectively. Nonetheless, pairwise regional 23 1 repetitions). Previous work on serial founder effects showed that global genetic 2 divergence increases with geographical distance 36 , and we recapitulate this finding at 3 the sub-country level within Finland ( Figure S3B) ; we also identified decaying IBD 4 sharing with increasing geographical distance within Finland ( Figure S3A) . 5 
6
Because Finland historically has shared trade, language, and migration with 7 neighboring countries and/or regions, including Sweden, Estonia, and St. Petersburg, 8
Russia, we compared the relative level of allelic and haplotypic sharing within each 9 population. We also compared these genetic data with individuals from Hungary 10 because although it is geographically distal, it shares common linguistic roots; Finnish is 11 a Uralic language that forms an outgroup to most European languages but is related to 12
Estonian and Hungarian. Comparing pairwise IBD sharing within each of these 13 countries, we find that cumulative IBD sharing between pairs of individuals is 14 significantly greater across pairs of individuals on average in Finland than in Sweden, 15
Estonia, Russia, and Hungary, as expected from the Finnish population bottleneck 16 (cumulative total of tracts ≥ 1 cM in length: ! "#$%$& = 22.9 cM vs ! '(&)*&% = 107.0 cM, 17 p<1e-50). Consistent with this observation, the average pair of Finns shares more 18 haplotypes that are also longer than in the countries compared here, with for example 19 13.3 haplotypes ≥ 2 cM shared in Finland vs an order of magnitude fewer (1.3 20 haplotypes ≥ 2 cM) in Sweden ( Figure 1B) . 21 
22
Recent migration inferences from genetic divergence and IBD sharing 23 1 region-level birth record data to determine relative rates of sharing among fine-scale 2 locations in Finland. We subset pairwise IBD to individuals in which both parents were 3 born within 80 km (~50 miles) of each other. For each analysis, we further subset to 4 pairs of individuals in which at least one individual had municipality-level birth records 5 from within 80 km of a given city, then assessed average pairwise IBD with other 6 individuals across municipalities and regions of Finland. By comparing pairwise sharing 7 from different Finnish cities, we find that IBD sharing is very uneven throughout the 8 country, varying by several-fold, and that different geographical regions exhibit 9 considerable substructure with differential IBD sharing patterns (Figure 2 ). This fine-10 scale structure is likely driven by multiple bottlenecks, recent migration patterns, and 11 variable population density (e.g. genetic diversity is higher and thus IBD sharing is lower 12 in densely populated Helsinki than many rural areas, as Helsinki ancestors have more 13 diverse origins). 14 
15
Haplotype sharing is on average lowest when at least one individual lives in a major 16 southern Finnish city (Figure 2) Ostrobothnia (region 10). Oulu and Rovaniemi in Northern Ostrobothnia and Lapland 10 (regions 11 and 12), in contrast, show broadly elevated patterns of sharing in the late 11 settlement area and depleted sharing in the early settlement area. 12
13
We also utilized the granular birth records to investigate geospatial migration rates (m). 14 We used a spatially explicit statistical model to estimate effective migration surfaces 15 (EEMS), which measures effective migration rates from genetic differentiation (i.e. 16 resistance distance) across neighboring demes 37 . By measuring the genetic distance 17 between evenly spaced demes relative to other pairs of demes across Finland and/or 18 neighboring countries, we inferred locations where migration was uncommon, referred 19 to as migration barriers and depicted in dark orange, and where migration excesses 20 occurred, depicted in blue (Figure 3C-D) . We find variable migration rates across 21
Finland, many of which are consistent with known historical events ( Figure 3C) Sweden, Estonia, and St. Petersburg, Russia (Figure 3D) , the major migration routes 6 within Finland remain broadly consistent. For example, a barrier to migration between 7 the early and late settlement regions between Tampere and Kuopio remain, along with 8 a barrier of migration into Lapland. The starkest difference is a barrier to migration along 9 nearly the entire Finnish border (Figure 3D) , likely due to the absence of some 10 neighboring comparison demes in Figure 3C (see also Figure S5 ), indicating little 11 significant migration into Finland in the last 100 generations, consistent with the 12 described patterns of low frequency variation presenting as a bottleneck/isolate. Apart 13 from migration rate inferences along the border, subtle changes within Finland are likely 14 due to additional smoothing because of a larger area over which demes are spread 15 (Methods, Figure S5) non-Finnish European populations along a cline ( Figure 3B ) 38, 39 . Birth regions also Haplotype-sharing also enables a precise assessment of the effective population size of 5 a region. We inferred effective population size changes over recent time across birth 6 regions in Finland using the haplotype-based IBDNe method 40 . Across all birth regions, 7
we identify a population expansion in the last 50 generations from around 10 3 to 10 5 and 8
10
6 (Figure 4 , Figure S4 ). The region with the largest current effective population size 9
is Southern Finland (region 1, current N e =1.3e6), which contains the capital city of 10
Helsinki, closely approximating current census data (current census population ~1.6e6). 11
We inferred that Lapland (region 12), the northernmost and least populated region, had 12 the least growth, with current N e =6.9e4 (current census population ~1.8e5). The inferred 13 effective population size is expected to be smaller than the census size because of the 14 census size including multiple generations, variance in reproductive rates, etc 40 . 15
16
When comparing the early versus late settlement areas, we find consistently earlier 17 onset of population expansions in the early settlement area. In the early settlement 
Haplotype insights into disease 11
To better understand the utility of IBD sharing for rare variant interpretation, we coupled 12 haplotype tracts with exome sequencing data (Methods). Because previous work in 13 population genetics has suggested that haplotype lengths provide insight into the age of 14 alleles 42 and that younger alleles are more likely to be deleterious 43 , we quantified the 15 extent of haplotype sharing across predicted functional classes of variants and across 16 genotype states. We find as expected that there is generally more haplotype sharing at 17 the rare end of the frequency spectrum ( Figure 5A ). Additionally, we identify greater 18 haplotype sharing in more damaging missense variants than synonymous variants. 19
CpGs disrupt haplotype patterns at the rarest allele frequencies ( Figure 5A, Figure S7) , 20 which is likely a product of mutational recurrence. Haplotype sharing is depleted at the 21 rarest end of the frequency spectrum compared to low frequency variants (~0.1%) in 22
loss-of-function (LoF) and missense constrained genes ( Figure S8 ). This depletion may 23 be driven by negative selection against low frequency deleterious variants that are 1 purged prior to reaching more common frequencies 8, 9 or alternatively because LoF 2 variants are enriched for sequencing error modes 44 . 3 4
We also assessed the overlap of haplotypes for several known disease variants from 5 the Finnish Heritage Disease (FinDis) database (Methods, Figure 5B-C) . Across the 6 genome, there is a 3% chance that two unselected Finns share a ≥ 1cM haplotype at 7 any position. Considering a set of disease variants with 1% frequency, we first 8 confirmed that indeed homozygous reference individuals (non-carriers) share a 9 haplotype spanning the mutation site at this same background rate. For pairs of 10 individuals who are heterozygous, however, the likelihood of sharing a haplotype ≥ 1 cM 11 is an order of magnitude higher (~30% or higher, Table 1 ). This enrichment of sharing 12 among carriers belies the conceptual framework of IBD mapping, highlighting the power 13 to detect rare, disease-associated loci. We find a significant enrichment of haplotype 14 lengths among pairs of individuals who are heterozygous versus homozygous reference 15 rs386833491 allele ( Figure 5C ). This allele is an in-frame deletion causing congenital 16 chloride diarrhea, and is likely enriched for haplotype sharing beyond the other FinDis 17 variants investigated here because of the regional specificity and origins in the LSR 18 ( Figure 5B) . 19 
20
Discussion 21
The concept that haplotype tracts assessed from common variant GWAS arrays can 22 provide insight into both population history and rare disease without sequencing data 23 harkens back to the International HapMap Project and before 11 . While these ideas have 1 been around for decades, their implementation in biobank-scale data is now feasible, 2 and shows promise in isolated populations 45 . Using data from Finland, we demonstrate 3 that haplotypes provide insight into the evolutionary timeline of greatest interest for this 4 study: recent population history over the past 100 generations and rare, deleterious 5
10
Finland is particularly amenable for an investigation of recent population history 11 because it has gone through multiple well-documented bottlenecks, has considerable 12 population substructure compared to many other countries [25] [26] [27] , and has a universal 13 health care system with integrated registry information. The relatively high genetic 14 divergence between the early and late settlement areas has been well-documented in 15 prior genetic analyses; we demonstrate much more granular resolution into differential 16 rates of haplotypes across Finland at the level of municipality, for example with several-17 fold cumulative sharing differences across Finland between major urban southwest 18 cities (e.g. Turku, Helsinki) compared to isolated late settlement areas (e.g. Kuusamo). 19
20
The founder effects in Finland have resulted in a massive enrichment of longer 21 haplotypes relative to non-Finnish European neighbors, which depleted genetic diversity 22 overall and increased relatively common deleterious variants with respect to non-23
Finnish Europeans
17 . A consequence of these bottleneck signatures is the utility of 1 population-based linkage analysis for discovering deleterious variants at the rare end of 2 the frequency spectrum. Many of the founder mutations contributing to the 36 3 monogenic diseases in the Finnish Disease Heritage database were originally 4 discovered through family-based linkage analysis 22 . 45 . Coupling 9
population-based linkage analysis with electronic health records provides a powerful 10 tool for rare disease insights, particularly in populations that have gone through a 11 historical bottleneck. This study demonstrates the utility of haplotype sharing for 12 historical demographic inference and population-based linkage analysis to identify rare 13 variants that confer risk of rare disorders in isolated populations with unified health care 14 registry data, such as Finland. 15 
16
Methods
18
Genotyping datasets 19
Finnish samples were genotyped for various projects, all of which have been published 20 previously and most of which were described in 46 . Briefly, study participants are as (Table S2) . Swedish samples used here were waves 5 and 6 (Sw5, 8 Sw6) and were genotyped as part of a schizophrenia study 47 . Swedish genotype data 9 are available upon application from the National Institute of Mental Health (NIMH) 10 Genetics Repository at https://www.nimhgenetics.org/. Estonian samples are from the 11 Estonian Genome Center, University of Tartu (EGCUT) 38 . Genotyping for individuals 12 from St. Petersburg, Russia was performed as a part of Starvation Study ongoing at the 13 Broad Institute on a cohort previously described in 48 . Hungarian samples included in 14 the study were genotyped as part of the Hungarian Transdanubian Biobank (HTB) 49 . 15
Exome sequencing data of Finnish individuals were from multiple studies collected and 19 harmonized as part of Sequencing Initiative Suomi (SISU) study (www.sisuproject.fi, 20 Table S4 ). The Finnish sequence data processing and variant calling has been 21 described previously 50 . We filtered to exomes with overlapping GWAS data from 22 unrelated individuals this study (N=9,369), as described in "Haplotypes overlapping 23 exome variants," which were primarily from the FINRISK study obtained through dbGaP 1
. Sample and variant quality control after joint calling differed from that of Rivas et al, 2
2016 to assess the relationship between rare variation and pairwise haplotype sharing. 3
We filtered to variants present at least twice and excluded variants that failed GATK 4 VQSR quality. See additional information under "Haplotypes overlapping exome 5
variants." 6 7
Phasing and imputation 8
All Finnish genotypes underwent quality control, phasing, and imputation, as described 9 previously 46 . 10
Principal Components Analysis 12
We combined best guess genotypes for 43 For all other analyses, we first phased all genotype data together using Eagle v2.3.2 57 . 5
We then generated haplotype calls using GERMLINE because of its computational 6 tractability at large sample sizes, using the following parameters: -err_hom 0 -err_het 2 -7 bits 25 -h_extend -haploid. To investigate the decay of IBD tract length, we used a 8 minimum haplotype size of 1 cM (-min_m 1) within each population for unrelated 9 samples with birth record data and/or exome sequencing data. When assessing 10 haplotype sharing across the full set of unrelated genotyped Finns without respect to 11 birth records, we set a minimum haplotype size (-min_m) to 3 cM for computational 12 tractability and reasonable storage sizes. We removed haplotypes that fall partially or 13 fully within centromeres, telomeres, acrocentric short chromosomal arms, 14 heterochromatic regions, clones, and contigs identified in the UCSC hg19 genome 15 "gaps" table. 16
Haplotype calling for effective population size analyses 18
Variants imputed with an info score > 0.99 that intersected across all 6 arrays on which 19
Finnish samples were genotyped (Table S1) when only region-level data was available, even weights were assigned to all 20 municipalities within that region with the sum of the weights equal to 1; in contrast, a 21 single municipality was given a weight of 1 in the municipality-level data. 22 relative to geographic distance. We computed genetic dissimilarities for all unrelated 3 pairwise individuals with municipality-level birth record data and both parents born 4 within 80 km, using mean parental latitude and longitude when they differed. We 5 computed pairwise genetic dissimilarities using the bed2diffs tool provided with EEMS 6 on the intersected Finnish data with 232,332 SNPs for 2,706 individuals, as well as the 7 intersected Finnish, Swedish, Estonian, and Russian data with 88,080 genotyped SNPs 8 across 10,993 individuals. We set the number of demes to 300 (with fewer actual 9 observed) and adjusted the variances for all proposal distributions of migration, 10 diversity, and degree of freedom parameters such that most were accepted 20-30% of 11 the time and all were accepted 10-40% of the time, per manual recommendations. We 12 increased the number of MCMC iterations, burn-in iterations, and thin iterations until the 13 MCMC converged. When setting nDemes = 300 across Finland alone, we observed 167/266 demes.
1
Hail version 0.1. To map IDs between the genotype and exome sequencing data, we 2 filtered genotype and exome data to variants with at least 1% frequency and less than 3 10% missingness in each dataset, and subsequently removed individuals with greater 4 than 10% missingness. We intersected these datasets, repeated the same filtering 5 process, and identified 9363 individuals with both data types using the Hail ibd function 6 (minimum pi_hat = 0.95). We assessed haplotype sharing overlapping each SNP used 7 for calling with GERMLINE, and filtered out these overlaps shared at a rate greater than 8 three times the standard deviation above the mean level of sharing ( Figure S6 ) to make 9 pairing of exome and haplotype pair data computationally tractable. We overlaid the 10 haplotype data with the exome data using the annotate_variants_table function, and 11 Note that missense (no damaging annotation) and synonymous curves are largely 5 overlapping. B-E) Allele frequency maps for known Finnish heritage disease variants. 6
The same allele frequency scale is included for each of these plots, shown on the 7 bottom right. B) AGU = Aspartylglucosaminuria, C) CNA2 = Cornea plana 2, D) CCD = 1 Congenital chloride diarrhea, and E) MKS = Meckel syndrome. Additional haplotype 2 summaries of these variants are shown in Table 1 . 3 Table 1 -Enrichment of haplotype sharing overlapping FinDis variants. Haplotype enrichment is computed as in Figure 5  1 and Methods. the rate of haplotype sharing among pairs of heterozygous individuals per total number of heterozygous 2 pairs relative to homozygous reference pairs. AGU = Aspartylglucosaminuria, CNA2 = Cornea plana 2, CCD = Congenital 3 chloride diarrhea, MKS = Meckel syndrome, FH = familial hypercholesterolemia, T2D = type II diabetes. 
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